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A human homologue of Saccharomyces cerevisiae
SNF2/SWI2 and Drosophila brm genes potentiates
transcriptional activation by the glucocorticoid receptor
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Several of the SNF and SWI genes of Saccharomyces
cerevisiae code for proteins believed to assist
transcriptional activators by relieving nucleosome
repression. One of these proteins, SNF2/SWI2, has a
homologue in Drosophila, a regulator of homeotic genes
known as brahma or brm. In this report, we show that
a counterpart of SNF2/SWI2 also exists in mice and
humans. The human protein, designated hbnn, is a 180
kDa nuclear factor that can function as a transcriptional
activator when fused to a heterologous DNA binding
domain. The mouse homologue of hbrm is expressed in
all mouse organs tested while hbrm was detected in some
but not all investigated human cell lines. In cells failing
to express the endogenous gene, transfected hbrm co-
operates with the glucocorticoid receptor (GR) in
transcriptional activation. However, hbrm had no effect
on the activity of several other transcription factors,
including the homeoprotein EINF-1. The co-operation
between hbrm and GR required the DNA binding
domain of GR and two separated regions of the hbrm
protein, including a domain with homology to known
helicases.
Key words: Brahma/glucocorticoid receptor/helicase/
transcription

Introduction

Transcription by RNA polymerase II requires two classes
of transcription factors. One class, comprising general
factors, is responsible for basal promoter activity, while the
second comprises modulators, which function either to
activate or repress transcription. The general factors,
including TFHA, IIB, HE, HF and IIG, form a pre-initiation
complex which is bound to the core promoter via the TATA
binding protein complex TFIID. The modulators are often
tissue-specific and bind to DNA sequences upstream of the
core promoter (Johnson and McKnight, 1989; Lewin, 1990;
Sawadogo and Sentenac, 1990). These factors appear to
regulate transcription by interacting with TFIID or TFIIB
to influence the formation of the pre-initiation complex
(Sharp, 1992; Hoey et al., 1993; Roberts et al., 1993).

It has been suggested that at least some transcriptional
activators function by modulating the access of TFIID to
binding sites which are occluded by histones (Kornberg and
Lorch, 1991; Felsenfeld, 1992; Travers, 1992; Adams and
Worlknan, 1993). In vitro, several transcription factors
including TFIID have been shown to prevent the
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transcriptional inhibition by nucleosomes if they are added
to the transcription system prior to the histones (Workman
and Roeder, 1987; Van Dyke et al., 1988; Croston et al.,
1991; Workman et al., 1991). In vivo, however, it was
believed that the chromatin structure could only be
reprogrammed in a dividing cell during DNA replication.
Recent studies on the yeast PHOS promoter suggest that this
is not the case. Upon PHOS induction, nucleosome
disruption on the promoter is also observed when DNA
replication is prevented (Schmid et al., 1992). Disruption
of the nucleosomes at the PHOS promoter is apparently due
to the binding of transcription factors to the histone-covered
DNA in a ternary complex. Such complexes have been
observed in vitro with the chimeric protein GAL4-VP16,
which can bind to its DNA site and relieve nucleosome
repression even when the DNA template has been pre-packed
with purified histones (Taylor et al., 1991; Workman and
Kingston, 1992). The effect ofGAL4-VP16 on nucleosome
repression can, however, only be observed with a crude in
vitro transcription system. When GAL4-VP16 is assayed
with a system reconstituted from a fractionated yeast extract
(functioning on naked DNA templates), no effect on
nucleosome repression is apparent (Lorch et al., 1992). This
observation suggests that at least in yeast, transcriptional
activators require additional components besides the general
initiation factors and RNA polymerase II to overcome
chromatin repression. Five yeast genes have been identified
that may be involved in this mechanism: SWIJ, SNF2/SWI2,
SWI3, SNF5 and SNF6.
The SW7 genes were first identified as regulators of HO,

a gene involved in mating type switching (SWI = switch)
(Peterson and Herskowitz, 1992). Later, SWI2 was found
to be identical to SNF2, a gene involved in the regulation
of the SUC2 gene (Laurent et al., 1991). In fact, the
transcriptional regulation of the HO gene is now known to
be dependent on two other SNF genes, SNF5 and SNF6.
Mutations in any of the SWI], SNF2/SW12, SW13, SNF5 or
SNF6 genes result in a similar phenotype, suggesting that
these five genes code for members of the same protein
complex. Furthermore, the SNF and the SWI gene products
activate transcription of numerous other genes besides SUC2
and HO (Estruch and Carlson, 1990; Laurent et al., 1990;
Happel et al., 1991; Yoshimoto and Yamashita, 1991;
Peterson and Herskowitz, 1992). All the activated genes are
highly inducible and in most cases have a known dedicated
activator (GAL4 for GAL1, ADR1 for ADH2 and
IN02/IN04 for INO1). The SNF/SWI genes have also been
shown to be required for activation by the transcription
factors GAL4 or Bicoid in yeast (Laurent and Carlson,
1992). Hence, it is believed that the SNF/SWI factors form
a complex that activates transcription by co-operating with
inducible transcription factors.

Several findings suggest that the SNF/SWI protein
complex may be implicated in a mechanism of unwinding
of the chromatin structure in the vicinity of the promoters
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they activate. Indeed, mutations in the SNF and SWI genes
can be compensated by mutations that may affect chromatin
structure. For example, the dependence of the HO gene on
SWIJ, 2 and 3, can be relieved by mutations that alter the
SIN] or the SIN2 genes. These two genes encode an HMG-l
like protein and the histone H3 respectively (Kruger and
Herskowitz, 1991; Travers, 1992). Likewise, deletions of
the HTT]-HTJ2 cluster, which encodes one of the two copies
of histones H2A and H2B, allows expression of the SUC2
gene in the absence of SNF2/SWI2 (Hirschhorn et al.,
1992). It has also been demonstrated that the activation of
the SUC2 gene by sucrose induction results in a nucleosome
displacement on the promoter. This displacement is absent
or partial in snf5 and snJ2 (swi2) mutants (Hirschhorn et al.,
1992; Matallana et al., 1992). Lastly, the sequence analysis
of the SNF2/SWI2 factor has revealed the presence of a
domain conserved among a variety of proteins with
determined or presumed helicase activity (Laurent et al.,
1992; Peterson and Herskowitz, 1992). Helicase activity is
known to be involved in chromatin decondensation during
DNA replication (Gruss and Sogo, 1992).
A homologue of the yeast SNF2/SWI2 exists in

Drosophila. This factor, known as brahma or brm, is similar
to its yeast counterpart in both size and structure and exhibits
57% amino acid identity within the helicase domain (Tamkun
et al., 1992). Like SNF2/SWI2, the brm gene product has
been implicated in transcriptional activation and it appears
to have a positive effect on the expression of several homeotic
genes including Scr and Antp. The brm gene was first
identified as a suppressor of Polycomb (Pc) mutations,
mutations resulting in homeotic transformation by
derepression of the Antennapedia and the Bithorax
complexes. Interestingly, it has been suggested that the Pc
group of genes repress homeotic genes by regionally
compacting the chromatin (Franke et al., 1992). Thus, brm
may be part of a mechanism restoring accessibility of these
compacted regions.

In this report, we investigated whether a counterpart of
the SNF2/SW12 gene was present in cells from higher
eukaryotes. Using a fragment from the brm gene coding
region, we cloned a human nuclear factor closely related
to brm and SNF2/SWI2, within the helicase domain but also
in flanking regions. The human factor, termed hbrm, is
shown to be a strong activator of transcription when tethered
to DNA by fusion to a known DNA binding domain. In
addition, intact hbrm potentiates transcriptional activation
by co-transfected glucocorticoid receptor (GR) and retinoic
acid receptor cx, in cell lines lacking endogenous hbrm.

Results
Cloning of human and mouse homologues of the
Drosophila brm gene
Oligonucleotides complementary to the published sequence
of the Drosophila brm gene were used to isolate a partial
brm coding sequence from genomic Drosophila DNA by
PCR amplification. The 729 nucleotide amplified fragment
encoded a region inside the helicase domain of brm and was
niigny conserved between brm and SNF2/SWI2. This
fragment was used to search for a putative human homologue
ofDrosophila brm. Southern analysis carried out under low
stringency conditions with genomic DNA from HeLa cells,
cleaved with either BamHI or EcoRI, revealed for both
enzymes a single DNA species which hybridized to the brm
4280

probe (data not shown). These results suggested that a gene
highly homologous to brm was present in the human genome.
The Drosophila brm probe was then used to screen a

human liver cDNA library. Six phages with different inserts
were isolated. The inserts were subcloned and by restriction
mapping shown to contain fragments of the same gene. The
longest cDNA (5 kb) was sequenced and found to contain
an open reading frame of 1587 codons defined by an in-frame
ATG preceded by stop codons in all three reading frames.
A fourth isolate was found to extend 800 nucleotides further
toward the 3' end of the cDNA. Sequence analysis of this
clone revealed the presence of a poly(A) tail. The composite
sequence of this human homologue of brm is shown in
Figure 1. This factor will be referred to hereafter as hbrm.
A murine XZAP lung cDNA library was also screened

by probing with a fragment from the helicase domain of
hbrm. Eight recombinant phages containing different inserts
were isolated. DNA sequencing analysis of several of these
partial cDNAs revealed that they coded for parts of a protein,
90-95% homologous to hbrm at the amino acid level inside
the sequenced regions. This mouse homologue of brm was
termed mbrm. Oligonucleotides specific for DNA sequences
of this mouse gene were used to determine the pattern of
expression of mbrm in the adult mouse, using a quantitative
RT-PCR technique. mbrm messenger RNA was detected at
similar levels in heart, brain, lung, liver, thymus, kidney
and spleen (data not shown).

Structure of the predicted hbrm protein, the human
homologue of brm
The predicted hbrm protein has a calculated molecular mass
of 180 649 Da. Analysis of the amino acid sequence of the
protein revealed that hbrm is 56% identical and 72% similar
to Drosophila brm. Three regions are particularly conserved
from Drosophila to human, including the potential helicase
domain encoded by the probe used for the cloning, a
bromodomain and a third amino-terminal region of yet
unknown function (Figure 2A and B). The potential helicase
domain contains seven regions which are strongly conserved
among a variety ofknown or putative helicases from different
organisms including Escherichia coli, RNA and DNA
viruses, Saccharonyces cerevisiae, Drosophila melunogaster,
mice and humans (Gorbalenya et al., 1988, 1989; Hodgman,
1988; Linder et al., 1989; Okabe et al., 1992; Soininen
et al., 1992; Troelstra et al., 1992; Delmas et al., 1993;
Schaeffer et al., 1993). Two of these seven regions match
the consensus sequence of the bipartite NTP binding motif
common to ATP or GTP requiring enzymes (Walker et al.,
1982; Pai et al., 1989; Wittinghofer and Pai, 1991). In
SNF2/SWI2, these two regions have been shown to
hydrolyse ATP actively and are required for transcriptional
activation (Laurent et al., 1993).
The second homology domain between hbrm and brm is

located at the carboxy-terminal end. This domain has been
defimed as a bromodomain and is conserved in several
transcriptional regulators including the yeast factors
SNF2/SWI2 and SPT7, the Drosophila fsh protein and the
human TAF11250/CCG1 protein (Hisatake et aL. 1993
Kuppert et al., 1993). It has been suggested that the
bromodomain may mediate protein -protein interactions
among transcriptional activators (Haynes et al., 1992;Tamkun et al., 1992). The hydrophobicity plot (Figure 2C)shows that hbrm is a very hydrophilic protein except for the
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-222 gaattccggatgctc5gatgaSagCCCCgagatcacaOgagc -1812
-180 ccggcgagatcacaqgagcccggCCtga5ggaacgtggaiagaccatgtacctgttttg -121
-120 accggttgcctggagca5gaagttccagttgggagaattttcgaagataaagtcggag -61 2

-60 attgtggaaagacttgacttgagcattactctactOgatggaggacagagagtag -1
I ATGOTCAAC0CCCLACAGAC CCT GGT GCGATO CCC CAC CCAGGCCT 45 9

13 S T PT 0pG0A 4p H pa0p 15

46 TCOCCG GGTCCT GOOCCT TCCCCTGOGCCAATT CTTGGCCT AGT 90 2

168 P 0p Gp 5pa0p I LG0p 30
91 CCL GGA CCA OGA CCL TCC CCL GOT TCC GTC CAC AOC ATO ATO 000 135
31PG0p 0p 5pQ08 V8 8 33a0 45

136 CCL LOT CCT OGA CCT CCL LOT GTC TCC CAT CCT ATO CCG ACG ATO 180
46PSP 0P P SVSH P 4P T 34 60

181 000 TCC ACA GAC TTC CCL CAG GAL GOC ATO CAT CAL ATO CAT ALG 225
610 5 TD0rFP QZ1GMHQ 34HXK 75

226 CCC ATC OAT GOT ATA CAT GAC ALO 000 ATT OTA GAL GAC ATC CAT 270
76 P ID0I HD0KG0I V D0I H 90

271 TOT GOA TCC ATO ALG GMC ACT GGT ATO CGA CCA CCT CAC CCL GOC 315
91C 0 34KG0T 0 RKP P HP 0 105

316 ATO GGC CCT CCC CAG LOT CCL ATG GAT CAL CAC AOC CAL GOT TAT 360
1063 0 P PQ SP 3D0Q H SQ 0Y 120
361 ATO TCA CCL CAC CCL TCT CCL TTA GGA 0CC CCA GAG CAC GTC TCC 405
1213MSP H P85PL 0A P 1H V8 135
406 AGC CCT ATO TCT GGA GGA GGC CCL ACT CCL CCT CAG ATO CCL CCA 450

1368P38000PS mG T PP Q 34P P 150
451 AGC CAG CCG 000 GCC CTC ATC CCL GOT OAT CCG CAG GCC ATO AGC 495
15189QPGoA L I P0DP QAM34S 165
496 CAG CCC ALC AGA GOT CCC TCA CCT TTC LOT CCT GTC CAG CTO CAT 540
166QP8RKG PSPrF SP VQ LH 180

541 CAG CTT CGA OCT CAG ATT TTA OCT TAT ALL ATO CTO 0CC CGA GGC 585
181QLRKA Q ILA YK34L ARKG0 195
586 CAO CCC CTC CCC GAL ACG CTO CAG CTT OCA OTC CAG 000 ALL AGO 630
196QP LPZ1T LQ LAV QG0KRK 210
631 ACG TTG CCT GGC TTO CAG CAL CAL CAG CAO CAO CAL CAG CAG CAO 675

211T L P0 L QQ QQ Q Q QQQ Q 225
676 CAG CAG CAG CAG CAG CAG CAG CAG CAO CAG CAL CAB CAO CCG CCG 720
226Q 0QQQ QQ00 Q QQQQQ0 PP 240
721 CAL CCL CAG ACG CAG CAL CAL CAG CAO CCG 0CC CTT OTT ALC TAC 765
2410QPQ0TQQQQ00Q PA LV YV 255
766 ALC AGA CCA TCT GGC CCG 000 CCG GAG CTG AGC GOC CCG AOC ACC 810
2568 KRP 0p op 1L 5G0P ST 270
811 CCG CAG LAO CTG CCG GTG CCC GCG CCC GGC GGC COG CCC TCG CCC 855
271PQ KLP V PA P oGRKP 5P 285
856 OCO CCC CCC OCA 0CC GCG CAG CCG CCC GCO 0CC OCA OTO CCC 000 900
286LAPPAA A Q PPAA A V P0 300
901 CCC TCA GTO CCG CAG CCG GCC CC G00 CAG CCC TCO CCC GTC CTC 945
301 P SV PQ P A P0Q0P P VL 315
946 CAG CTO CAG CAG LAG CAG AGC CGC ATC AGC CCC ATOC CAG ALA CCG 990
316 Q LQQ0KQ0 KI SP IQ0K P 330
991 CAL GGC CTGOGAC CCC OTG GAL ATT CTO CAL GAO COG GLA TAC AGA 1035
3310 0GLD0P VZII L QZRZYRK 345

1036 CTT CLG GCC CGC ATA OCT CAT AGO ATA CAL GAL CTO GAL ALT CTO 1080
346LQ0A KI A HRKIQZ1LZ18 L 360

1081 CCT GGC TCT TTO CCL CCL GAT TTA AGA ACC ALL OCA ACC GTO GAL 1125
361 P 0S LPPD0LRKT KAT V 1 375

1126 CTA ALL OCA CTT COG TTA CTC LAT TTC CAG COT CAG CTO AOL CAG 1170
376 L KA LRKL LIF RQK0LRKQ 390

1171 GAG GTO GTO 0CC TOC ATO COC AGG GAC ACG ACC CTO GAG ACG OCT 1215
3911ZV V A C RKRD0T T L ITA 405

1216 CTC AAC TCC ALL OCA TAC ALA COG AOC ALG COC CAG ACT CTO AOL 1260
406 L 85KAYVKRKS KRKQT LRK 420
1261 GAL OCT COC ATO ACC GAG ALG CTO GAO ALG CAG CAG LAG ATT GAG 1305
4211ZARKM4TZI KL KQ Q KI 1 435
1306 CAG GAG LOG ALA CGC COT CAG AAA CAC CAG GAL TAC CTO ALC LOT 1350
4360QZKR KRKRQKHQZYVL 5 450
1351 ATT TTO CAL CAT OCA ALA OAT TTT ALO GAL TAT CAT COG TCT OTG 1395
4511LQ0H A KD0rFK IVHRKSV 465
1396 0CC GGA LAG ATC CAG ALG CTC TCC ALA OCA OTT OCA ACT TOG CAT 1440
466L 0 K IQ0KL SK A V A T 480

1441 0CC AAC ACT GAL AGA GAO CAG ALO ALG GAO ACA GAO COO ATT GAL 1485
481A58TZRZKQ0 K KITZRKI 1 495
1486 ALG GAO AGA ATO COG CGA CTO ATO OCT GAL GAT GAO GAO GOT TAT 1530
496K1R 34KRKL 34A 1D01 10V 510

1531 AOL ALL CTO ATT GAT CAL ALG ALL GAC LOG COT TTA OCT TAC CTT 1575
511K K L ID0Q KKDRRKL AYVL 525

1576 TTO CAG CAG ACC OAT GAO TAT GTA 0CC ALT CTO ACC ALT CTO OTT 1620
526LQ0QTDZYVV A58L T8L V 540

1621 TOO GAG CAC ALO CAL OCC CAG GCA GCC ALL GAO ALO ALG ALG AGO 1665
5413 1ZH KQ0A QAA KZIKK KRK 555
1666 AGO LOG AGO AAO ALG ALG OCT GAO GAO ALT OCA GAGOGOT 000 GAO 1710
556KR R K K A 1 8A 1 00 1 570
1711 TCT 0CC CTO GGA CCG GAT GGA GAG CCC ATA GAT GAO AiGC AGC CAG 1755
57186A L 0 PD0G 1PI 0 S Q 585

1756 ATO LOT GAC CTC CCT GTC ALL GTO ACT CAC ACA GAL ACC GGC ALG 1800
5863 50 L P VK VT HT IT 0 K 600
1801 OTT CTO TTC GOA CCL GLA GCA CCC ALA GCA LOT CAG CTO GAC 0CC 1845
6G1VLFG0P 1A P K ASQ0LD0A 615
1846 TOG CTO GAL ATO ALT CCT GOT TAT GAL OTT 0CC CCT A"L TCT GAC 1890
6163wL 1 4 8P 0 IV A PRK 0 630

1891 LOT GAL GAO LOT GAT TCT OAT TAT GAG GAL GAO GAT GAO GAA GAL 1935
631 8 1 1SD05D0V 11 10 111 645

1936 GAO TCC LOT LOG CAG GAL ACC GAL GAO ALA ATA CTC CTO OAT CCL 1980
6461Z85 RQ 1T IK I LL 0 P 660

1981 ALT AGC GAL GAL OTT TOT GAO ALG OAT OCT ALG CAG ATC ATT GAO 2025
6618 5 11V S IK 0AKQ0I I 1 675
2026 ACA OCT ALG CAL GAC OTO GAT OAT GAL TAC AGC ATO CAG TAC LOT 2070
676TA KQD0VD0 1V 534Q V 5 690

2071 0CC AGO GGC TCC CAO TCC TAC TAC ACC OTO OCT CAT 0CC ATC TCG 2115

691lARKG08Q0SVVT VA HA I S 705
2116 GAG TOO OTO GAO ALL CAG TOT 0CC CTC CTA ATT ALT OGG ACC CTA 2160
7061ZVVZIKQ SAL L I a0T L 720

2161 ALG CAT TAC CAG CTO CAG GGC CTO GAA TOO ATO OTT TOC CTO TAT 2205
721 K HVQ0LQa0L I 34V SL V 735

2206 ALT ALC ALC TTO ALC GGA ATO TTA GCC GAT GAL ATG 000 CTT GOA 2250
7368 8 L 0I L ADZ 3 0L 0 750

2251 LAO ACC ATA CAG ACC ATT OCA CTO ATO ACT TAT CTG ATO GAO CAC 2295
751KT IQ0T IA L IT VLM31H 765

2296 ALL AOL CTO ALT GOC CCC TAT CTO ATO ATT OTT CCC CTT TOO ACT 2340
766K KRL 0P VL I IV P L ST 780
2341 CTA TOT ALC TOG ACA TAT GAL TTT GAC ALL TOO OCT CCT TOT OTG 2385
781 L 5 VTYVzrFD0K VA P 5V 795
2386 OTG AAG ATT TOT TAC ALO GGT ACT CCT 0CC ATO COT CGC TOC CTT 2430

796 V X I 8 Y K 0 T P A 3 R R S L 810
2431 GTC CCC CAG CTA CGOG AGT GGC AAA TTC AAT GTc CTc TTG ACT ACT 2475
811 V P Q L R S 0 K r 8 v L L T T 825

2476 TAT GAG TAT ATT ATA AAA GAC AAG CAC ATT CTT GCA AAG ATT CGG 2520
826 Y I Y I I K D K H I L A K I R 840

2521 TGG AAA TAC ATG ATA GTG GAC GAA GGC CAC CGA ATG AAG AAT CAC 2565
8413 K Y M I V D z G H R 3 K 8 H 855

2566 CAC TGC AAG CTG ACT CAG GTC TTG AAC ACT CAC TAT GTG GCC CCC 2610

856 H C K L T Q V L 58 T H Y V A P 870

2611 AGA AGO ATC CTC TTG ACT 000 ACC CCG CTG CAG ALT AAG CTC CCT 2655

871K KR I L L T G0 T P L Q K L P 885

2656 GAL CTC TOG 0CC CTC CTC AAC TTC CTC CTC CCA ACA ATT TTT AAG 2700

8865Z L WV A L L F L L P T I F K 900

2701 AGC TOC AOC ACA TTT GAL CAA TOO TTC ALT OCT CCA TTT 0CC ATG 2745

901 8 C 8 T rF I Q F 8 A P F A 3 915

2746 ACT GOT GAL AGO GTG GAC TTA ALT GAL GAL GAL ACT ATA TTG ATC 2790

916 T G0 K V D0 L U I I T I L I 930

2791 ATC AGO CGT CTA CAT ALO GTO TTA AGA CCA TTT TTA CTA AGO AGA 2835

931! KR L 8 K V L RK P L L RK RK 945

2836 CTO ALG ALA GAL GTT GAL TCC CAG CTT CCC GAL AAL TGT GAL TAT 2880

946 L K K I V ZI S Q L P 1 K V I Y 960

2881 OTO ATC ALG TOT GAC ATG TCA OCT CTO CAG ALG ATT CTO TAT CGC 2925

961V I K C D 3 8 A L Q K I L Y R 975

2926 CAT ATO CAL GCC ALG 000 ATC CTT CTC ACA GAT GOT TCT GAG ALL 2970

9768 3 Q A K G0 I L L T D0 S I K 990

2971 GAT ALG ALG GGG ALA GGA GOT OCT ALG ACA CTT ATO ALC ACT ATT 3015

991 D K K G K GG 0 A K T L 5 T 1005

3016 ATO CAG TTO AGA ALA ATC TOC AAC CAC CCA TAT ATO TTT CAG CAC 3060

10063M Q L RK K I C 8 H P Y F Q H 1020

3061 ATT GAO GAL TCC TTT OCT GAL CAC CTA GGC TAT TCA ALT 000 GTC 3105

10211I Z Z 8 F A ZI H L Q0 Y 8 0 V 1035

3106 ATC ALT 000 OCT GAL CTO TAT COG GCC TCA 000 ALG TTT GAG CTO 3150

1036 1 58 0 A ZI L Y RK A 8 0 K F Z L 1050

3151 CTT GAT CGT ATT CTO CCA ALA TTO AGA OCG ACT ALT CAC CGA GTO 3195
lOS L D RK I L P K L RK A T H RK V 1065

3196 CTO CTT TTC TOC CAG ATO ACA TCT CTC ATO ACC ATC ATO GAO GAT 3240

1066 L L r C Q M3 T S L 34 T I 3 1 D 1080

3241 TAT TTT OCT TTT COG ALC TTC CTT TAC CTA COC CTT GAT GGC ACC 3285
lOSlY F A Jr RK 8 F L Y L RK L D G0 T 1095
3286 ACC ALO TCT GAL GAT COT OCT OCT TTO CTG ALG AAL TTC ALT GAL 3330

1096T K 8 1 D RK A A L L K K F 8 1 1110
3331 CCT GGA TCC CAG TAT TTC ATT TTC TTO CTO AGC ACA AGA OCT GOT 3375
XilPp 0 8 Q F I F L L S T KR A G 1125
3376 GGC CTO GOC TTA ALT CTT CAG OCA OCT OAT ACA GTO GTC ATC TTT 3420

11260G L G0 L If L Q A A D T V V I 1140
3421 GAC AGC GAC TOO ALT CCT CAT CAG OAT CTO CAG GCC CAL GAC CGA 3465

11410D S D P H Q D0 L Q A Q D RK 1155
3466 OCT CAC COC ATC GOG CAG CAG ALC GAG GTC COG GTA CTG AGO CTC 3510

1156 A RK I G0 Q Q 8 1 V RK V L RK L 1170
3511 TOT ACC GTO ALC AGC GTO GAG GAL ALG ATC CTC GOG 0CC GCA ALA 3555
1171 C T V 8 5 V I K I L A A A K 1185
3556 TAC ALG CTG ALC OTC OAT CAG ALA GTO ATC CAG GCG GOC ATO TTT 3600

1186 Y K L U V 0 Q K V I Q A 0G M rF 1200
3601 GAC CAL ALO TCT TCA AOC CAC GAO COG AGO OCA TTC CTO CAG 0CC 3645

1201 D Q K S S H I KR K A L Q A 1215
3646 ATC TTO GAO CAT GAL GAO GAL ALT GAO GAL GAL GAT GLA GTA CCG 3690

1216 I L ZI 1 1 1 1 D I V P 1230
3691 GAC GAT GAG ACT CTO ALC CAL ATO ATT OCT CGA CGA GLA GAL GAL 3735

1231 D D ZI T L 8 Q 4 I A RK R I 1 1245
3736 TTT GAC CTT TTT ATO COG ATO GAC ATO GAC COG COG AGO GAL OAT 3780

1246Fr D L rF 4 RK 34 D D RRK KR 1 0 1260
3781 GCC COG ALC CCG ALL COG ALG CCC COT TTA ATO GAO GAO OAT GAG 3825

1261 A RK aU P K RK K P RK L M34 1 0 1275
3826 CTO CCC TCC TOO ATC ATT ALG OAT GAC OCT GAL GTA GoAL LOG CTC 3870

1276 L P 8 WV I I K D0 0 A I V I K L 1290
3871 ACC TOT GAL OAL GAO GAO GAO AAL ATA TTT 000 AGGO 0 TCC CGC 3915
1291 T C 1 1 1 K I F G0 R 0G S RK 1305

3916 CAG CGC COT GAC GTO GAC TAC LOT GAC GCC CTC ACG GAO ALG CAG 3960

1306Q RK RK D V D Y S D A L T K Q 1320

3961 TOO CTA AGO 0CC ATC GAL GAC GGC ALT TTO GAO GAL ATO GAL GAG 4005

13213W L RK A I 1 D0 0 8 L 1 E 34 1335
4006 GAL GTA COG CTT ALO ALO CGA ALL AGA CGA AGA ALT GTO OAT ALA 4050

13361Z V RK L K K RK K RK R RK V D K 1350
4051 GAT CCT GCA ALL GAL OAT GTO GAL ALA OCT AAG ALG AGA AGA GGC 4095

13510D P A K Z D V I K A K K KR KR 0 1365
4096 CGC CCT CCC OCT GAG ALL CTO TCA CCA ALT CCC CCC ALL CTG ACA 4140

1366KR P P A I K L P 8 P P K L T 1380
4141 ALG CAG ATG ALC OCT ATC ATC OAT ACG TOT ATA ALC TAC ALA OAT 4185
1381 K Q M

8 A I I D T C I 8 V K D0 1395

4186 AGT TOT LAC GTG GAG ALG GTG CCC LOT ALT TCT CAG TTGO GAL ATA 4230
1396 S C IU V I K V P S 8 S Q L I I 1410
4231 GAL GGA ALC LOT TCA 000 CGA CAG CTC LOT GAL OTC TIC ATT CAG 4275
14111 0 S 5 0 K Q L S V r I Q 1425
4276 TTA CCT TCA AGO ALA GAL TTA CCL GAL TAC TAT GAA TTA ATT LOG 4320
1426 L P 8 RK K I L P 1 V Y L I RK 1440
4321 LAOG CCL OTO GAT TTC ALL ALL ATA ALO GAL LOG ATT COT ALT CAT 4365
1441 K P V D F K K I K K I KR 8 H 1455
4366 ALG TAC COG LOC CTA GGC GAC CTO GAG ALG OAT GTC ATO CTT CTC 4410

1456K V KR 8 L G0 D L I K 0 V 34 L L 1470
4411 TOT CAC LAC OCT CAG ACG TTC ALC CTO GAG GGA TCC CAG ATC TAT 4455
1471 C H 8 A Q T F 8 L 1 0 S Q I YV 1485
4456 GAL GAC TCC ATC GTC TTA CAG TCA GTO TTT ALO LOT 0CC COG CAG 4500

14861 0 I V L Q S V F K S A RK Q 1500
4501 ALA ATT 0CC ALL GAO GAL GAG LOT GAO OAT GAL AOC LAT OAL GAO 4545
1501 K I A K I I I S 1

D
1 8 1 1 1515

4546 GAO GAL GAO GAL OAT GAL GAL GAO TCA GAO TCC GAG OCA ALL TCA 4590
15161 1 1 1 0 1 1 S I S 1 A K S 1530
4591 GTC ALG GTO ALL ATT ALG CTC ALT ALL ALL OAT GAC ALA GOC COG 4635
1531V VK K I K L 8 K K D D0 K 0 K 1545

4636 GAC ALA 000 ALA GGC ALG ALA AGG CCL ALT CGA GGA AAL GCC ALA 4680

15460D K G0 K G0 K K RK P RK G K A K 1560
4681 CCT OTA OTG AGC OAT TTT GAC AGC OAT GAO GAG CAG GAT GAL COT 4725
1561P V V S D rF D S D 1 Q 0 1 RK 1575
4726 GAL CAG TCA GAL GGA LOT 000 ACG GAT OAT GAO TGA toagtatggacc 4773
15761Z Q 8 1

a
5 0 T D Z 1587

4774 tttttccttgqtagaactgaattoGttOctGOcctgtctcatttctaccGagtgaotta 4833
4834 tttgtcatataggoactgggttgtttctatatcatcatcgtGtatSStaaatgctttagga 4893
4894 tagtgocagacsaaaatatgatatcatggt9taaaaaacac5cacata5cacatatttg 4953
4954 taacatattqtgaccaaatgggcctcaaagattcagattgaSaca&acaaaagcttttg 5013
5014 atggaaaatatgtgggtggataOjtatattt0tatggtgggtctaatttgotaaOgottt 5073
5074 gattgtgoOtggttttatcaOctgttcagatgaga5gatttttctctttttctag9catga 5133
5134 taaooaggagaagOcat taaaagpccactggttattttatttttcatcag90aattttcga 5193
5194 ggtttttatttgttOgg~ tattgtttttt ucactgtggtacatataagOaaOtttaatag 5253
5254 gtgataaatgtacaoagttagaLttoacc~tgatatacgtttttccattttatgOtcta 5313

5314 tgatotgaacaaasgctt tttgaatttatlaagatttatgtctactgtaaacattgCtta 5373
5374 atttttttgctcttgatttuaaarnaaaagttLttgttgaaagcgctatttgaatattgCaatc 5433
5434 tatatagjtgtattggatggcttcttttgtcaccctgatctcctat9jttacaatojtgtat 5493
5494 ccttcttctaggatatttetctgaattttgt 5553
5554 caagtcataagcctgaggcaaataaattcca5taatttcgaagaatgtgotottggtgct 5613
5614 ttcctaataaagaaataatttcgCttgaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa 5673
5674 aaaaaaaaaaaaaaaaaasaaaaat5&5S55&~asaaaaaaasaaaaaaaaaaaaaaaagg 5733
5734 attc 5737

Fig. 1. Complete nucleotide and amino acid sequence of the hbrm cDNA. EMBL Data Library accession number of the hbrm sequence: X72889.
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Fig. 2. Structural comparison between brm and hbrm proteins and
hydrophobicity plot of hbrm. (A) The complete amino acid sequences
of brm and hbrm were compared by a Pustell matrix analysis using
'Mac Molly's Heart' software (Soft Gene, Berlin). The minimal
window size was eight nucleotides with a maximum number of
mismatches of two. (B) Localization on the hbrm protein of the
regions with the highest degree of conservation between brm and hbrm
(shaded regions). The charged region, the helicase domain and the
bromodomain are underlined. The polyglutamine track is indicated by
POLY Q. (C) Kyte and Doolittle hydrophobicity plot of hbrm using
'DNA Strider'. The plot is aligned on schematic B.

helicase domain and the bromodomain. These two domains
may constitute the only structured regions in an otherwise
very flexible protein.
The last region of homology between hbrm and brm is
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located in the amino-terminal end of the proteins. Only - 200
amino acids of the two proteins are actually conserved in
the primary sequence. However, both in the Drosophila and
in the human protein, the amino-terminal end is characterized
by a highly proline- and glutamine-rich region overlapping
a charged region. The proline/glutamine-rich region of hbrm
(extending from amino acids 1 to 366) contains 22% prolines
and 16% glutamines, including a glutamine stretch of 23
residues. Such regions have been characterized as important
for transcriptional activation in various factors including
AP-2 (Williams and Tjian, 1991) and Oct-2 (Clerc et al.,
1988; Muller et al., 1988; Scheidereit et al., 1988). The
charged region of hbrm, which contains the actual sequence
of homology with brm, comprises a succession of positively
and negatively charged stretches very similar to those found
in Rap74 (Finkelstein et al., 1992). The region extends from
amino acids 320 to 684 and contains 20% basic residues and
21 % acidic residues. Charged clusters are also a common
feature among nuclear transcription factors (Brendel and
Karlin, 1989).
The proline/glutamine-rich and charged regions of hbrm

(termed P/Q-charged hereafter) is also present in brm and
SNF2/SWI2. However, this region is either partial or
missing in the yeast STH1 and the human hSNF2L, two
proteins otherwise very similar to brm and SNF2/SWI2
(Laurent et al., 1992; Okabe et al., 1992). Interestingly, it
has not been possible to show transcriptional activity for
STH1 and hSNF2L, whereas SNF2/SWI2 is an activator.
This observation favours an implication of the P/Q-charged
region in transcriptional activation.

Finally, the structure of hbrm is characterized by highly
charged regions located in the hinge region between the
helicase domain and the bromodomain and at the complete
carboxy-terminal end of the protein.

hbrm activates transcription when tethered to the
DNA
The proline- and glutamine-rich region of hbrm is
reminiscent of regions found in transcriptional activators.
In addition, immunofluorescent staining of the human
cervical epithelium cell line C33, transfected with a CMV
expression vector containing the hbrm coding region, shows
that the hbrm protein localizes to the nucleus (data not
shown). However, the analysis of the primary sequence of
the hbrm protein does not reveal the presence of any
canonical DNA binding domain. Therefore, to assay hbrm
for potential transcriptional activity, the entire open reading
frame was linked at its carboxy-terminal end to the DNA
binding domain of the BPV-1 E2 protein, which by itself
does not activate transcription. This fusion protein, together
with various promoter constructs cloned upstream of the
bacterial chloramphenicol acetyl transferase (CAT) gene
(Figure 3A), was used in co-transfection assays in C33 cells.
In each experiment, the effect on transcriptional activity of
the hbrm-E2 fusion was compared with the effect of native
BPV- 1 E2. The strongest transcriptional effect of the
hbrm-E2 fusion was observed with a construct containing
six E2 sites upstream of the HSV-1 thymidine kinase (TK)
promoter. With this promoter construct, hbrm- E2 yielded
a 15-fold activation above basal transcription, - 5-fold less
than the activity obtained with wild-type E2 (Figure 3A, line
1). A similar promoter construct with only two E2 sites
resulted in a reduced activation by both hbrm-E2 and wild-
type E2 (2-fold activation instead of 15-fold for hbrm-E2

Phil
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Fig. 3. hbrm activates transcription as a fusion protein with the BPV-1 E2 DNA binding domain. (A) Either 2 jig of hbrm-E2 fusion expression
vector or 100 ng of wild-type BPV-1 E2 expression vector were co-transfected into C33 cells with 1 Ag of one of the shown TK-CAT reporter

constructs. Basal level was estimated by transfecting either 2 ig (for hbrm-E2) or 100 ng (for wild-type E2) CMV expression vector without insert.
CAT activity was determined 48 h post-transfection. (B) Two micrograms of either hbrm-E2 or shown mutation constructs or CMV expression
vector without insert were co-transfected into C33 cells with 1 Ag of reporter construct # 1 from panel A. CAT activity was determined 48 h post-

transfection. Transfected cells were also submitted to immunofluorescent staining using an antibody recognizing the amino-terminal end of hbrm. The
cellular localization of the different mutants as determined by this technique, is indicated. On the schematic of the mutants, the amino acid position
of the mutations or deletions is indicated. The proline/glutamine-rich region (P/Q), the charged region, the NTP binding site (NTP), the helicase
domain and the bromodomain are overlined. The results given in (A) and (B) are calculated from at least three independent experiments.

and 20-fold instead of 76-fold for wild-type E2) (Figure 3A,
line 2). Activity of the hbrm-E2 fusion was also tested on
a minimal promoter containing two E2 sites and a canonical
TATA box. This construct was only activated 2- to 3-fold
by wild-type E2 and was not activated by hbrm-E2
(Figure 3A, line 3). Ultimately, we assayed a construct
containing five E2 sites downstream of the TK promoter and
the CAT gene. On this construct, hbrm-E2 fusion gave a

4-fold activation which is very similar to the activation
obtained with wild-type E2 (Figure 3A, line 4). None of the
above promoter constructs were activated by native hbrm.
These experiments show that hbrm, when tethered to the

DNA through a DNA binding domain, is a potent
transcriptional activator, although weaker than the strong
viral E2 activator. The hbrm-E2 fusion protein also shares
several classical properties with DNA binding transcriptional
activators, including co-operative activation when several

binding sites are present, the requirement of the presence
of other promoter elements for maximal activation and the
ability to activate transcription from a distance.

Regions responsible for transactivation by the
hbrm - E2 fusion protein
To identify the domains of hbrm responsible for its
transcriptional activity, several mutants were constructed and
assayed by co-transfection in C33 cells, together with the
6xE2-TK promoter-CAT construct (schematically shown
in Figure 3A, line 1). All of the mutants described were

found to conserve a nuclear localization and to be expressed
at similar levels when detected by immunofluorescence in

transfected cells. The first region targeted for mutations was

the putative NTP binding site located in the helicase domain,
an essential region for helicase activity. Surprisingly, neither

a mutation in the GKT consensus sequence of the NTP
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Fig. 4. hbrm can co-operate with GR for transcriptional activation. As indicated, 1 pg of MMTV/CAT (A) or GRE2-TK-CAT (B) reporter
construct and either 3 pg of CMV expression vector without insert, 1 or 3 pg wild-type hbrm expression vector (hbrm) or 1 or 3 pg NTP site
mutated hbrm expression vector (NTP mut) were co-transfected into C33 cells in the absence or in the presence of dexamethasone (Dex) and 50 ng
of a CMV GR expression vector. CAT activity was determined 48 h post-transfection. The CAT assays shown are representative of at least three
independent experiments. Percent conversion is indicated under each lane.

binding site, nor the complete deletion of the bipartite NTP
binding motif had any effect on transcriptional activation by
the hbrm-E2 fusion protein (Figure 3B, mutants 8-E2 and
A1-E2). In fact, a deletion mutant containing no helicase
domain at all was slightly more active than the wild-type

hbrm-E2 (Figure 3B, mutant A2-E2). However, a construct
lacking the P/Q-charged region, had no transcriptional
activity (Figure 3B, mutant A3-E2). These experiments
define the P/Q-charged region as an activating domain of
hbrm.
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A human homologue of SNF2ISWI2 and brahma genes

hbrm increases transcriptional activation by
steroid/vitamin receptors
Having shown that hbrm could increase gene expression
when fused to a DNA binding domain, we wished to
determine whether a similar effect could be observed with
native hbrm. The factor was assayed in transient transfection
with several constitutive or activated promoters including
the SV40 early (SVe) and CMV promoters and the HTLV-
I and HIV-1 LTRs. hbrm was not found to activate
transcription from any of these promoters. Nor did hbrm
have an effect on transcriptional activation by AP-2 or the
liver enriched, highly diverged homeoprotein HNF-1
(Chouard et al., 1990) at their respective target promoters.

It has recently been demonstrated that mammalian steroid
receptors require SWIl, 2 and 3 for ectopic transcriptional
activation in yeast. It was found that the rat estrogen and
glucocorticoid receptors were unable to stimulate
transcription from a reporter construct carrying proper
responsive elements when the receptors were transformed
into swi- yeast mutants (Yoshinaga et al., 1992). These
observations raised the possibility that hbrm, the human
homologue of SNF2/SWI2, is implicated in steroid receptor
activation in mammalian cells. To investigate this possibility,
we assayed the effect of an hbrm expression vector on the
activation of the MMTV promoter by the glucocorticoid
receptor (GR). The experiments were performed in C33 cells
stimulated with dexamethasone. In these cells, either in the
absence or presence of the hbrm expression vector,
dexamethasone had no visible effect on the basal level of
transcription, suggesting that C33 cells may express low
levels of endogenous GR. Co-transfection of 50 ng of
CMV/GR expression vector resulted in a 5-fold stimulation
of transcription from the MMTV promoter (Figure 4A, lanes
1 and 6). Further addition of 1 ltg of an hbrm expression
vector increased the stimulation to > 20-fold (a net 4-fold
effect). At 3 itg of hbrm expression vector, the stimulation
peaked at - 40-fold (a net 8-fold effect) (Figure 4A, lanes
7 and 8). To determine whether the co-operativity of hbrm
with GR was dependent on the putative helicase activity of
hbrm, we used an NTP binding site hbrm mutant instead
of wild-type hbrm. With this mutant, no synergy with GR
was observed with 1 yg of expression vector. Co-transfection
of 3 ,ug ofNTP mutant expression vector with GR expression
vector resulted in a weak increase in activity compared with
GR alone (2- to 3-fold compared with 8-fold with intact
hbrm) (Figure 4A, lanes 9 and 10). To confirm that the
stimulation by hbrm was solely dependent on the
glucocorticoid response elements (GRE) in the MMTV
promoter, we tested a construct containing two GRE sites
upstream of the minimal TK promoter (GRE2-TK-CAT).
This promoter construct was activated more efficiently by
the GR expression vector (14-fold) than the MMTV
promoter (Figure 4B, lanes 1 and 6). Again, hbrm was found
to enhance receptor mediated activation (Figure 4B, lanes
7 and 8) and this enhancement decreased upon mutation of
the putative nucleotide binding site ofhbrm (Figure 4B, lanes
9 and 10).
The stimulating effect of hbrm on GR transcriptional

activation was unlikely to be due to increased expression
from the CMV/GR vector since hbrm was not found to
activate a CMV promoter. Furthermore, we assayed the
effect of hbrm in the presence of increasing amounts ofGR
expression vector (Figure 5). Maximal activation of the
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Fig. 5. Effect of hbrm on increasing amounts of transfected GR. 1 /g
of GRE2-TK-CAT reporter construct was co-transfected into C33
cells in the presence of dexamethasone with either 0, 50, 250 or 1000
ng of CMV GR expression vector together with either 0, 10, 100,
1000 or 3000 of CMV/hbrm expression vector. CAT activity was
determined 48 h post-transfection. Fold activation above basal level (in
the absence of dexamethasone) is indicated on the graph. Values are
the mean of two independent experiments. For symbols see key in
figure.

GRE2-TK promoter by GR alone was reached with 250 ng
of GR expression vector (- 14-fold activation above basal)
and this activity did not increase when 1000 ng of GR
expression were used. In the presence of these saturating
amounts of GR expression vector, GR activation could still
be stimulated by co-transfection of increasing amounts of
hbrm expression vector. This strongly suggests that hbrm
potentiates the activity ofGR rather than increasing its level
of expression.
The effect of hbrm on activation by the RARea was also

investigated. The experiment was performed using a CAT
construct containing the retinoic acid responsive promoter
from the retinoic acid ,B gene, transfected into retinoic acid
stimulated C33 cells. Under these conditions, RARat
activation increased - 3-fold in the presence of an hbrm
expression vector. This activation was not observed when
the wild-type hbrm was replaced by the NTP binding site
mutant (data not shown). The magnitude of the effect of hbrm
on RARai activation was lower than on GR activation.
However, this result suggests that hbrm may be implicated
in the regulation by nuclear receptors other than GR.

C33 and SW13 cell lines do not express endogenous
hbrm
To determine whether the stimulating effect of hbrm on GR
activation could be observed in cell lines other than C33,
transfections were performed in the human hepathelial cell
line HepG2 and breast cancer cell line MCF-7. Co-
transfection of 50 ng of GR expression vector in the presence
of dexamethasone resulted in a 10-fold activation of the
GRE2-TK promoter in HepG2 and in a 230-fold activation
in MCF-7. No further activation was observed in the
presence of hbrm in HepG2 cells. In MCF-7, addition of
hbrm resulted in a slight repression (<2-fold) of GR
activation (data not shown).
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To investigate the origin of the differences we observed
between C33, HepG2 and MCF-7, we decided to monitor
the levels of endogenous hbrm in human cell lines available
in the laboratory. RT-PCR with human hbrm-specific or
GPDH-specific primers was performed on total RNA from
C33, HepG2 and MCF-7 but also two other cervical
carcinoma cell lines HT-3 and HeLa, the laryngeal
carcinoma HEp2 and the adrenal cortex carcinoma-derived
cell line SW 13. After maximal amplification (40 cycles),
GPDH message could be detected in all cell lines. On the
other hand, hbrmn message was not detected in two cell lines,
C33 and SW13 (Figure 6A, lanes 5-8). These results
prompted us to test whether hbrmn may co-operate with GR
only in cell lines lacking the endogenous gene product.
Consequently, we transfected SW13 cells with the
GRE2-TK-CAT reporter construct. Dexamethasone alone
had no effect on this promoter in these cells (Figure 6B,
lane 4), while dexamethasone and 50 ng of CMV/GR
expression vector resulted in an 18-fold activation above
basal level (Figure 6B, lane 7). Addition of 1 or 3 /tg of
CMV/hbrm expression vector further increased this
activation -5-fold (Figure 6B, lanes 8 and 9). These results
clearly show that in the cells we tested, transfected hbrmn
enhances GR activation when the endogenous gene is silent
but has no activating effect when it is expressed.

0 U,

I~~ 0 0 b~40 4

4 *.***@*0e,o

Co-operation between hbrm and GR requires the DNA
binding domain of GR and the helicase domain and
the PlO-charged domain of hbrm
To try to elucidate the mechanism of the GR/hbrm co-
operation, we co-transfected C33 cells with the hbrm
expression vector and two GR deletion mutants lacking either
the amino- or the carboxy-terminal end of the nuclear
receptor. The carboxy-terminal end of GR contains the
hormone binding domain and the deletion of this region
generates a hormone-independent activator. In our
experiments, this deletion did not affect the activation of the
GRE2-TK promoter (- 10-fold above basal) and the effect
of this GR mutant could still be stimulated 7- to 8-fold in
the presence of 3 jig of hbrm expression vector (Figure 7,
line 2). Deletion of the amino-termiinal end of GR, contaning
the activating domain enh2, resulted in a moderate decrease
in GR activation (-7-fold above basal). As with the previous
mutant, the activation by this construct was still stimulated
by hbrm expression vector. However, this stimulation was
only -4-fold (Figure 7, line 3). These results suggested that
the DNA binding domain of GR is critical for the GR/hbrmn
co-operation since it is the only common domain in the two
GR mutants. To investigate this possibility further, we used
two constructs containing either a GALA DNA binding
domain (GALA BD) followed by the GR hormone binding
domain 'GAL-GR(EF)' or a fulfl GR amino-terminal end
followed by the GALA BD 'GR(AB)-GAL'. Both constructs
were transfected into C33 cells with a reporter construct
containing five GALA binding sites upstream of an Elb
minimal promoter. GAL-GR(EF) was found to activate this
reporter construct 7-fold but co-transfected hbrm
expression vector did not increase this activation (Figure 7,
line 4). GR(AB)-GAL did not activate expression from our
reporter plasmid in the cells we used in either the absence
or the presence of the hbrm expression vector (Figure 7,
line 5). These results further support the conclusion that the
GR DNA binding domain is required for GR/hbrmn co-
operation.
4286
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Fig. 6. Endogenous expression of hbrm in various human cell lines.
(A) cDNA reactions without (odd lanes) or with (even lanes) RT were
used for PCR amplification using either hbrm or GPDH specific
oligonucleotides. A two-thousandth of the reaction was separated on a
native polyacrylamide gel, transferred to nylon membrane and probed
with either a 32P-labelled hbrm or GPDH probe as indicated. cDNA
was prepared from either HT-3 (lanes 1 and 2), MCF-7 (lanes 3 and
4), SW13 (lanes 5 and 6), C33 (lanes 7 and 8), HepG2 (lanes 9 and
10), HeLa (lanes 11 and 12) or HEp2 (lanes 13 and 14) cell lines. (B)
As indicated, 1 lAg GRE2-TK-CAT reporter construct and either 3 ug
of CMV expression vector without insert or 1 lAg or 3 /'&g of wild-type
hbrm expression vector (hbrm) were co-transfected into SWl3 cells in
the absence or in the presence of dexamethasone (Dex) and 50 ng of a
CMV/GR expression vector. CAT activity was determlined 48 h post-
transfection. The CAT assays shown are representative of three
independent experiments. Percent conversion is indicated under each
lane.

We also wished to undertake a more detailed analysis of
the domains of hbrm involved in the GRIhbrm co-operation.
The experiments described earlier showed that an intact
helicase domain is necessary for full co-operation between
hbrm and GR (Figures 4 and 8). However, the results
obtained with the hbrm-E2 fusion protein suggested that
other domains of the hbrm protein might be important for
its transcriptional activity. To investigate the effect of the
P/Q-charged region and the bromodomain on GR/hbrm co-
operation, two additional hbrm mutants were tested in
transfection into dexamethasone stimulated C33 cells,
together with the GRE2-TK-CAT reporter and a GR
expression vector. A deletion of the P/Q-charged domain
resulted in a 3-fold decrease of the GR/hbrm co-operation
(Figure 8A, A3). A deletion of the carboxy-terminal end,
including the bromodomain, did not appear to modify the
effect of hbrm on GR activation when 1 itg of expression
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Fig. 7. The GR DNA binding domain is essential for co-operation with hbrm. 1 ug of GRE2-TK-CAT (lines 1, 2 and 3) or 5xGAL4-Elb/CAT
(lines 4 and 5) reporter constructs were co-transfected into C33 cells in the absence or in the presence of 50 ng of GR WT (line 1), hormone-
independent GR (GRhi) (line 2), HG8 (line 3) or 1 jig of GAL-GR(EF) (line 4) or GR(AB)-GAL (line 5) expression vectors and either 3 sg of
CMV expression vector without insert or 3 yig wild-type hbrm expression vector. Dexamethasone was added for lines 1, 3 and 4. Fold activation
above basal level for each GR construct and fold increase of this activation in the presence of the hbrm expression vector are indicated. Result
shown are calculated from three independent experiments. The GR DNA binding domain is indicated by a black box and the GAL4 DNA binding
domain (GALA BD) by a striated box. The amino-terminal activation domain of GR (enh2) and the hormone binding domain (HBD) are also
indicated.
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Fig. 8. Regions responsible for GR/hbrm co-operation. (A) 1 isg of GRE2-TK-CAT reporter construct and 1 or 3 ug of either wild-type hbrm
(hbrm), NTP site mutated hbrm (NTP Mut), A3 or A4 expression vector were co-transfected into C33 cells in the presence of dexamethasone and 50
ng of a CMV GR expression vector. CAT activity was determined 48 h post-transfection. The fold enhancement of GR activation by the various
hbrm expression constructs was calculated from four independent experiments. (B) Extracts were prepared from C33 cells transfected with 20 Ag of
either pUCl9 (lane 1), hbrm (lane 2), NTP Mut (lane 3), A3 (ane 4) or A4 Oane 5), separated by SDS-PAGE and transferred to nitrocellulose.
The blot was then incubated with affinity-purified hbrm antibodies and developed by ECL. Size markers in kDa are indicated.

vector was used. However, with 3 ,g expression vector, this
mutant was - 2-fold more active than hbrm WT in its co-
operation with GR (Figure 8A, A4).
To determine whether these mutations affected the activity

of hbrm or its level of expression, Western blotting was
performed on the total extract from C33 cells transfected
with the various mutants. Using a purified polyclonal
antibody prepared against the first 178 amino acids of hbrm,
the hbrm WT, NTP Mut and A3 appeared to be present at
similar levels in the cells (Figure 8B, lanes 2-4). However,
it must be noticed that A3 lacks part of the sequence used
to prepare the antibody and may be expressed at a higher
level than it appears. The last mutant, A4, was overexpressed
-6-fold compared with the other constructs (Figure 8B,

lane 5). Immunofluorescent staining of C33 cells transfected
with each of the four mutants revealed that NTP Mut and

A3 remained localized to the nucleus like WT hbrm, whereas
A4 was evenly distributed in the cell (data not shown). We
concluded from these experiments that the helicase domain
and the P/Q-charged domain are directly implicated in the
GR/hbrm synergy and both are necessary for maximal

activity of hbrm. On the other hand, the bromodomain may
not be involved in transcriptional activation but could control
protein stability and nuclear transport.

Discussion

We describe here the cloning of a cDNA coding for hbrm,
a human protein homologous to the yeast SNF2/SWI2 and
the Drosophila brm gene products. The hbrm protein has
a modular structure comprising a proline/glutamine-rich
region followed by a charged region, a domain with
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homology to known helicases, and a bromodomain. When
tested as a fusion protein with the BPV-1 E2 DNA binding
domain, hbrm functioned as a strong transcriptional
activator. In addition, when transfected into cell lines which
do not express the endogenous gene, hbrm co-operates with
GR and to a lesser extent with RARat, in transcriptional
activation of their respective target promoters. This co-
operation requires the helicase domain of hbrm.

Domains of hbrm involved in transcriptional activity
The activity of hbrm has been assayed in two different
systems, either as an E2 fusion protein or by co-transfection
of the intact protein with GR or RARa. When assayed as
a fusion protein, hbrm-E2 acted as a classical transcriptional
activator, highly dependent on the number of E2 binding
sites present in the promoter and able to activate from binding
sites located even downstream of the CAT gene. The P/Q-
charged domain appeared to be solely responsible for the
transcriptional activity of the hbrm-E2 fusion protein. On
the other hand, when hbrm was co-transfected with the GR
expression plasmid, we observed a significant drop in activity
not only when the P/Q-charged domain was deleted but also
when the helicase domain was mutated. These observations
suggest that the P/Q-charged domain and the putative
helicase domain are both necessary for native hbrm activity
but may be involved in two different steps of the
transactivation. For example, the P/Q-charged domain could
interact with the transcription machinery, histones or HMG
proteins while the putative helicase domain may affect the
dynamic process preceding or following this interaction. This
could explain why both the P/Q-charged mutant and the
helicase mutant retain some residual activity. Alternatively,
the remaining activity of these mutants may be due to other
activating regions of hbrm not yet localized. The lack of
requirement for the helicase domain in the hbrm-E2 fusion
protein contrasts with the observation made in yeast where
a LexA -SNF2/SWI2 fusion protein could only activate
transcription with an intact NTP binding site (Laurent et al.,
1993). Possibly, the position of the fused DNA binding
domain which is amino-terminal in the yeast experiments
and carboxy-terminal in our experiments, could account for
this difference. Alternatively, the mechanism of activation
by SNF2/SWI2 and hbrm may not be strictly conserved from
yeast to human. Testing the ability of hbrm to complement
a snJ2- mutation in yeast will provide valuable information
on this matter.
The bromodomain, the third conserved region of hbrm,

does not appear to be involved in the co-operation between
hbrm and GR. Actually, the deletion of this region increases
the activating effect of hbrm. In parallel, we observed that
the bromodomain mutant had a higher steady state level in
the transfected cells compared with WT hbrm and that this
mutant is no longer strictly localized to the nucleus. The
higher stability of the bromodomain mutant is likely to
account for its enhanced activity and suggests that the
bromodomain may be implicated in protein turnover.

Mechanism of the co-operation between hbrm
and GR
Our studies performed in C33 and SW13 cells show that
GR can activate transcription in the absence of hbrm.
However, this activation is weak and increases as a function
of the amount of hbrm transfected into the cells. Thus, hbrm

appears to facilitate GR activation without being essential.
Studies made on the MMTV promoter have shown that upon
glucocorticoid receptor binding, the nucleosomes on this
promoter are disrupted or displaced, allowing other
transcription factors like NF-1 and TFIID to access their
binding sites (Beato, 1989; Bresnick et al., 1991).
Experiments using deletion mutants and GAL4 fusions with
receptor activating domains suggest that hbrm enhancement
requires the genuine DNA binding domain of the receptor.
Hence, it is possible that hbrm is part of a mechanism that
facilitates binding of GR to its target sequence and the
disruption of the nucleosomes in the vicinity of the promoter.
This mechanism could implicate the putative helicase activity
of hbrm which may be involved in chromatin decondensation
as suggested earlier (Travers, 1992).

Experiments in S. cerevisiae suggest that SNF2/SWI2
functions as a complex with other SNF and SWI proteins
(Laurent and Carlson, 1992). At least two of these proteins
are likely to have counterparts in higher eukaryotes, as was
found for SNF2/SWI2. Indeed, the cloning of a Drosophila
homologue of SWI3 has been announced (Karin, 1992) and
antibodies directed against SWI1 immunoprecipitate a protein
of similar size in nuclear extract from Drosophila embryos
(Yoshinaga et al., 1992). It is therefore possible that like
SNF2/SW12, hbrm acts as a part of a multi-protein complex
similar to the SNF/SWI complex and this complex may in
turn interact with GR. Co-immunoprecipitations in yeast
have shown that SWI3 and rat GR can interact in solution
(Yoshinaga et al., 1992). In a similar way, a putative human
homologue of SWI3 may form a link between hbrm and GR.
Preparation of wild-type and mutated purified hbrm proteins
and possibly the isolation ofhuman SWI3 will be necessary
to investigate this issue.

Lastly, our experiments show that among the limited set
of cell lines we tested, hbrm co-operates with GR only in
those that do not express the corresponding mRNA. In other
cell lines tested that express their endogenous hbrm gene,
GR activation is either insensitive to the addition of excess
hbrm (HepG2) or is slightly repressed (MCF-7). This
repression may result from interference of incomplete
SNF/SWI complexes formed in the presence of excess hbrm.
Taken together, these results suggest that hbrm is essential
for optimal function of GR in vivo. In its absence, GR may
function at low efficiency or use factors resembling hbrm,
perhaps other nuclear protein complexes containing helicase
activity. The SNF/SWI system may be unique in yeast but
redundant in higher eukaryotes. Furthermore, different
nuclear receptors may depend to a different degree on such
complexes. This may explain the quantitative differences
observed in enhancement of GR and RARoa activities.

It is noteworthy that among the seven human tumour cell
lines that we studied, two lacked detectable hbrm mRNA.
This variation in hbrm expression is not likely to be tissue-
specific since among the tested cervical carcinomas, only
one was lacking hbrm expression. It was suggested in several
cases that impairment of hormone responsiveness may be
the cause for a blockade in cellular differentiation. Such a
blockade, together with autocrine growth stimulatory signal
may result in cell transformation (Goldberg et al., 1989;
Sande et al., 1993). It is tempting to propose that inactivation
of hbrm function may be a cause of blockade in hormonal
dependent differentiation and that the absence of hbrm in
some tumour cell lines may merit further investigation.
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Materials and methods
Cloning of a partial brm cDNA
Oligonucleotides with the sequence ATCATGGTTAATGGTACGCT-
CAAGG and GTCGGGCAGCTGGTGCTCTACCTCC were synthesized.
400 ng of each oligonucleotide were used in PCR reactions with 1 sg of
D.melanogaster genomic DNA. PCR reactions were prepared under
conditions recommended by Taq polymerase manufacturer (Promega) and
amplification was carried out for 40 cycles (1 min 95°C, 1 min 55°C and
1 min 72°C). The 729-nucleotide fragment was phosphorylated, subcloned
and checked by dideoxynucleotide sequencing.

Cloning of full-length human hbrm cDNA and a partial mouse
homologue
The isolated brm fragment was 32P-labelled by random priming and used
as a probe on a human oligo(dT) primed liver cDNA library in XGT1O kindly
provided by D.Lamy. Hybridization was carried out at 550C overnight in
Amersham RapidHybe buffer. Filters were washed twice in 2 x SSPE/0. %
SDS at room temperature then three times in 1 x SSPE/0. 1% SDS at 600C
for 10 min and autoradiographed overnight at -800C. Positive phages were
purified and the inserts were subcloned in pUCl9 for dideoxy DNA
sequencing. A fragment spanning nucleotides 2221-3446 was amplified
by PCR from the human cDNA under conditions previously described. This
fragment was then subcloned in pUCl9, 32P-labelled and used as probe
on a random and oligo(dT) primed mouse lung XZAP cDNA library from
Stratagene. pBluescript subclones were excised according to the manufactr
and analyzed by dideoxy DNA sequencing.

Plasmid constructs
An EcoRI fragment from the hbrm cDNA was inserted in pGEM7 and in
the CMV expression vector pCG (Tanaka and Herr, 1990). Oligonucleotides
with the following sequence: CTTAAGAAGCGAAAAAGACG (starting
at nucleotide 4016) and GGCCATGGGTACCTCATCATCCGTCCC
(overlapping the stop codon) were used in PCR mutagenesis to insert, in
place of the hbrm stop codon in the pGEM7 clone, an Asp718 restriction
site in frame with the Asp718 site in BPV-1 E2. The amplified fragment
was verified by DNA sequencing then cut withAfl andAsp718 and inserted
in the hbrn/pGEM7 clone digested with AJM and Asp718. The mutated
hbrm cDNA was then excised with XbaI and Asp718, ligated to anAsp718
fragment coding for the E2 DNA binding domain and inserted into pCG
opened with XbaI and Asp718.
The mutation of the NTP binding site (mutant 6-E2 and NTP Mut) was

done by inserting, by PCR-directed mutagenesis, a HindU site at position
2249 using the following oligonucleotides: GTGAAGCTTCAAGCCC-
CATTTCATCGGCTAAG and CCGAAGCTTCAATACAGACCATT-
GCACTCATC. Mutant A1-E2 was constructed by inserting an additional
Hindli site at position 2557 using a third oligonucleotide (GCCA-
AGCTTGCAAGAATCACCACTGCAAGCTG). The two HindH sites
were ultimately ligated together. Mutant A2-E2 was constructed by ligating
SI treated HindI site at position 2249 from mutant 6-E2 to SI treated AJZll
site at position 4016. Mutants A3-E2 and A3 are deletions from the SphI
site at position 206 to the SphI site at position 2057. Mutant A4 is a deletion
from the AflJl site at position 4016 to the stop codon at the end of the hbrm
ORF. The T7-CMV-GR, GRhi, HG8, GAL-GR(EF), GR(AB)-GAL and
SVe RARa expression vectors and the MMTV, RAR,4, 5xGAL-Elb/CAT
and TK promoter constructs have previously been described (Godowski
et al., 1987; Petkovich et al., 1987; Cato et al., 1988; Sadowski et al.,
1988; Tasset et al., 1990; Thierry et al., 1990; de Thd et al., 1991).

Transient transfections and CAT assays
C33 or SW13 cells were split on the day prior to transfection (400 000
cells per 60 mm dish). The medium was changed and after 5 h, cells were
transfected with a total of 10 ,g of DNA by calcium phosphate precipitation.
Cells were washed after 14 h and harvested after a further 24-30 h
incubation. CAT assays were performed as described by Gorman et al.
(1982) using one-third of the extract in a 1 h incubation when the hbrm-E2
fusion protein were assayed and one-sixth of the extract in a 30 min incubation
in co-transfections of hbrm and steroid hormone receptors. Transfection
efficiency was monitored by j3-galactosidase activity assays performed as

described by Herbomel et al. (1984). When cells were submited to induction,
a final concentration of 10-6 M of either retinoic acid or dexamethasone
was added to the cells just after the transfection and when the medium was

changed. All transfections were repeated at least three times. The results
presented in the figures are autoradiogams from representative experiments.

Polymerase chain reaction
For detection of hbrm message, total RNA was purified on a CsCl cushion
as previously described by Sambrook et al. (1989). Two micrograms of
this RNA were then used for cDNA synthesis using 200 ng of random
hexamer primer and 200 U of M-MLV RT in 20 p1 under conditions
recommended by the RT manufacturer (BRL). A negative control was made
under the same conditions but without RT. One-tenth of the reaction or
the negative control was amplified for 40 cycles in a two step PCR reaction
(1 min at 95°C and 1 min at 60°C) using Taq polymerase from Promega
and hbrm- or GPDH-specific primers.

Western blotting
C33 cells were transfected as described above with 20 yig of either pUC19
or CMV wild-type or mutated hbrm expression vectors. After 24 h, cells
were harvested in lysis buffer (10 mM Tris pH 7.6, 1 mM EDTA, 0.5
mM MgCl2, 1% SDS, 2.25 Ag/ml pepstatin, 10 izg/ml leupeptin, 10 itg/ml
aprotinin and 2 mM PMSF), heated for 5 min at 95°C and sheared through
a 20G needle. Protein concentration was determined with the Bradford protein
assay using a dilution of extract that prevented the SDS of the lysis buffer
from interfering with the assay. Fifteen micrograms of total protein were
then mixed with 2 x loading dye (Sambrook et al., 1989) and separated
by SDS-PAGE on a 5% gel. After transfer to nitrocellulose membrane,
the samples were incubated overnight with an affinity-purified polyclonal
rabbit anti-hbrm antibody recogniinng the amino-terminal end of the protein.
This antibody was prepared against a GST-hbrm fusion containing amino
acids 1-178 expressed in E.coli and purified on a glutathione-Sepharose
column. The Western blot was first developed using ECL (Amersham),
followed by incubation with a 35S-labelled donkey anti-rabbit antibody for
quantification using a PhosphorImager. For the quantficaton, the expement
was repeated four times.
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